The origin of terrestrial bioorganic homochirality is one of the most important and unresolved problems in the study of chemical evolution prior to the origin of terrestrial life. One hypothesis advocated in the context of astrobiology is that polarized quantum radiation in space, such as circularly polarized photons or spin-polarized leptons, induced asymmetric chemical and physical conditions in the primitive interstellar media (the cosmic scenario). Another advocated hypothesis in the context of symmetry breaking in the universe is that the bioorganic asymmetry is intrinsically derived from the chiral asymmetric properties of elementary particles, that is, parity violation in the weak interaction (the intrinsic scenario). In this paper, the features of these two scenarios are discussed and approaches to validate them are reviewed. Keywords: bioorganic homochirality; circularly polarized photon; spin-polarized lepton; parity violation in the weak interaction
Introduction
A full explanation of the maximally broken symmetry in terrestrial bioorganic homochirality (the enantiomeric domination of l-form amino acids in proteins and d-form sugars in DNA/RNA) has not been sufficiently achieved despite their significance in resolving the problems concerning the origin of terrestrial life. One of the hypotheses for the origin of terrestrial bioorganic homochirality has been advocated to geological points of view based on prebiotic terrestrial circumstances (the terrestrial scenario), such as the preferential adsorption of prebiotic organic molecules on chiral mineral surfaces (e.g., left-and right-handed crystal quartz).
However, extraterrestrial origins of bioorganic homochirality have also been advocated by the researchers, even in the fields of biology and chemistry. One of the most attractive recent hypotheses in the context of astrobiology advocates that polarized quantum radiation in space, such as circularly polarized photons [1] [2] [3] or spin-polarized particles, can induce asymmetric conditions in the primitive interstellar media resulting in terrestrial bioorganic homochirality (the cosmic scenario). In particular, nuclear-decay-or cosmic-ray-derived leptons (i.e., electrons, muons, and neutrinos) in nature have a specified helicity, that is, they have a spin angular momentum polarized parallel or antiparallel to their kinetic momentum due to parity violations (PV) in the weak interaction as a result of intrinsic symmetry breaking in nature [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] .
A second hypothesis has also been advocated in the context of intrinsic symmetry breaking in nature (the intrinsic scenario). This scenario advocates that the bioorganic asymmetry is universally derived from chiral asymmetry breaking at the level of elementary particle interactions, such as PV in the weak interaction, as well as at the level of astrophysics, such as asymmetry in cosmic constructions [15, 16] . In this case, serious problems related to the considerable discrepancies in the hierarchical structures between the evolution of matter and the chemical evolution of bioorganic compounds needs to be universally resolved.
From the standpoint of asymmetry in nature, spin-polarized leptons in the above-mentioned cosmic scenario should be included in the intrinsic scenario due to the generation of spin-polarized leptons derived from PV in the weak interaction. In this article, the features of the cosmic and intrinsic scenarios are discussed and experimental research approaches to validate these scenarios are comparatively reviewed. Results of laboratory verification experiments are shown to explain the relationship between bioorganic homochirality and astrophysical asymmetric radiation sources, which are derived from the intrinsic asymmetry of the universe.
Typical Scenarios for the Origin of Homochirality

The Cosmic Scenario
Because bioorganic compounds synthesized under abiotic circumstances are intrinsically racemic mixtures including equal amounts of l-and d-bodies, it is hypothesized that asymmetric products originated from "chiral radiation," that is, physically asymmetric excitation sources in space. As a result, "asymmetric seeds" were transported to primitive Earth resulting in terrestrial homochirality via several types of amplification mechanisms (the cosmic Scenario) [1] . One of the most attractive cosmic scenario hypotheses can be summarized in the context of astrobiology as shown below.
(i) Prebiotic simple molecules were densely accumulated on interstellar dust surfaces in dense molecular clouds [17] ; (ii) "Chiral radiation" in space, for example, circularly polarized photons or spin-polarized particles, induced asymmetric reactions and produced non-racemic mixtures of chiral complex organic materials including bioorganic precursors as "asymmetric seeds"; (iii) The "asymmetric seeds" were transported with meteorites or asteroids to the primitive Earth resulting in terrestrial bioorganic homochirality via some types of "asymmetric amplification" mechanism.
As evidence supporting this scenario, l-enantiomeric excesses have been observed in isovaline, an α-methyl amino acid, and several other α-methyl amino acids in the Murchison meteorite [18] . In general, the racemization rate of α-methyl amino acids is smaller than that of α-hydrogen amino acids. The observed enantiomeric excesses of α-methyl amino acids in meteorites suggest that asymmetric reactions on the surface or in the interior of space materials actually occurred and that the consequent enantiomeric excesses were preserved due to their reduced racemization rate. As for "asymmetric amplification" mechanism, the Soai self-autocatalytic reaction with positive feedback amplification can support the almost perfect asymmetry in terrestrial biomolecular homochirality [19] .
Circularly Polarized Photons
• Observations of circularly polarized radiation in space Of the known chiral radiation, circularly polarized photons have been generally considered to be the most typical polarized quantum radiation in space. In fact, high-energy polarized photons have been observed in the X-ray to gamma-ray region. In this high photon energy region, linearly polarized X-rays, which are principally generated by synchrotron radiation (SR) from relativistic kinetic electrons captured by the strong magnetic fields around neutron stars in supernova remnant, have been observed emanating from the Crab Nebula [19] [20] [21] . Gamma-ray bursts (GRBs) from supernova explosion areas have been successfully observed with highly linear polarization (up to 70-80%) by the ICAROS/GAP satellite project [22] . In addition, faint circularly polarized light (0.6% in fraction) has been observed in the visible region of GRB afterglow, which is supposed to be derived from SR due to anisotropic electron motion in plasma. In general, long bursts are generated by the gravitational collapse of high mass stars and slow bursts are generated by binary neutron star mergers [23] .
Recently, polarized photons in near infrared (NIR) regions have also been observed in scattered light from interstellar dust clouds in star formation areas by terrestrial ground-level observatories.
In particular, increases in both the photon flux and the ratio of radiated circular polarization with increasing star formation area have been reported [24, 25] . In the middle infrared (MIR) region, the AKARI satellite has detected a polarization pattern at wavelengths of 3-11 µm from protostars [26] .
Circularly and linearly polarized light derived from absorption lines of solar elements due to Zeeman splitting have been observed (anti-Zeeman effects). These effects depend on the angle correlation between the magnetic field and the line of sight. Spectro-polarimetric observations of sunspot magnetic fields have been observed by using near-infrared cameras (e.g., large-format infrared array detectors) [27] .
From the far infrared (FIR) to terahertz (THz) wave region, theoretical calculations for the evolution of elliptical galaxies have predicted that, prior to 4 Gyr, star formation areas radiated intense FIR to THz photons and gradually darkened after the star formation events. This prediction means that, in the era of prebiotic molecule formation, FIR to THz photons were more intense than visible or UV photons. This suggests that polarized photons in the FIR to THz region are also important candidates for "chiral radiation."
In contrast to the above-mentioned area-and time-localized radiation sources in space, cosmic microwave background radiation is thought to be equally distributed in space; however, localized polarization patterns spreading in a specific direction (B-mode/E-mode polarization) have recently been observed. The direct relationship between polarized microwave radiation and chiral asymmetric reactions in bioorganic molecules remains uncertain. The observed polarization is likely relevance to the non-uniform structure of space resulting in the above-mentioned generation of the polarized radiation sources in space [28] .
• Chiral reaction scheme via circularly polarized photons Asymmetric reaction schemes due to circularly polarized photons can be classified corresponding to the photon energy region. Gamma-rays (the photon-nuclear reaction physics region) indicate nuclear excitation with an intense electromagnetic field. X-rays (the intermediate region between radiation chemistry and photochemistry) indicate core electron excitation to optical-active excited states via single photon absorption. VUV-UV-VIS (the photochemistry region) indicates valence electron excitation to optical-active excited states via single photon absorption. NIR-MIR (the intermediate region between photochemistry and thermochemistry) indicates vibrational or rotational excitation of molecular bonds to optical-active excited states. FIR-THz-MW (radiochemistry region) indicates perturbation to intermolecular interactions via multi-photon absorption.
• Circular dichroism
Interactions of circularly polarized photons with chiral molecules can be estimated by using circular dichroism (CD), which is defined as the photo-absorption difference between left-and right-circularly polarized photons at specific wavelengths. Chiral bioorganic molecules generally have intense CD chromophores derived from characteristic electronic transitions corresponding to photon energies in the visible to UV region. Because the electronic transitions related to CD chromophores reflect the bond structures and base conformations of molecules, CD spectra sensitively reflect the steric structures of chiral molecules with a high degree of accuracy [29, 30] . From this point of view, it is suggested that the expected characteristics of asymmetric photochemical reactions strongly depend on the irradiated circularly polarized light (CPL) wavelength. For example, theoretical calculations of CD spectrum of alanine molecules have revealed that the chromophores derived from electronic transitions correspond to several different wavelengths in the 120-230 nm region [31] . Chiral molecules also have CD chromophores derived from characteristic vibrational and rotational transitions corresponding to photon energies in the IR region. In terahertz wave region, absorption spectra for chiral molecule crystals can discriminate between chiral crystals (l-alanine and d-alanine) and achiral crystals (dl-alanine) because terahertz region spectra reflect minute intermolecular interactions [31] .
Spin-Polarized Leptons
Another type of polarized source that is consistent with the proposed cosmic scenario hypothesis is spin-polarized leptons, i.e., electrons/positrons, muons, and neutrinos, produced in space. Leptons are classified as basic elementary particles, constructed in the standard model of particle physics via quarks, gauge bosons, and Higgs bosons. Lepton and quark interactions are dominated by the parity-violating weak interaction.
• Electrons/Positrons
Of the leptons, electrons are one of the most universally present particles in ordinary materials. Spin-polarized electrons in nature are emitted with β − -decay from radioactive nuclear particles derived from PV involving the weak nuclear interaction (n → p + e − + ν e ) and spin-polarized positrons (the anti-particle of electrons) from β + -decay (p → n + e + + ν e ). In β − /β + -decay, with the weak interaction, the spin angular momentum vectors of electron/positron are perfectly polarized as antiparallel/parallel to the vector direction of the kinetic momentum. In this meaning, spin-polarized electrons/positrons are "chiral radiation" as well as muons and neutrinos which will be mentioned at the paragraphs below. It is expected that the spin-polarized leptons will induce the different type of chemical reactions form CPL induced reactions.
Radiation of spin-polarized electrons and positrons are likely frequent events from the nuclear β − /β + -decay of radioactive nuclei in space. In particular, chiral chemical reactions should be induced by negative helicity electrons in β − -decay from radioactive nuclei such as 60 Co and 90 Sr in space [4] [5] [6] [7] [8] [9] . It has been well known that β − /β + -decays heat of 60 Fe and 26 Al in meteorite parent body can operate as a heat source for the formation and differentiation of its organic materials. From the standpoint of astrochemistry, spin-polarized electrons in β − /β + -decay potentially operate as chiral radiation to induce chiral reaction processes in organic materials in the meteorites.
Interaction schemes of spin-polarized positrons with chiral molecules should be recognizable as being very different from those of electrons. It has been suggested that the electron-positron annihilation phenomena induced by spin-polarized positrons present a dependence on the spin distribution conditions of the target bioorganic molecules.
Accompanied by electron/positron radiation in β − /β + -decay from radioactive nuclei, gamma-rays can be emitted from the disintegrated nuclei via the electromagnetic transition from excited states to lower-level states. The polarization of the emitted gamma-rays depends on the conservation lows of the spin and orbital angular momentums between the nuclei, electron/positron, anti-neutrino/neutrino, and gamma-photon, which is limited according to conservation laws by PV in the weak interaction. For example, β − -decay from 60 Co is accompanied by circularly polarized gamma-rays whereas β − decay from 90 Sr is not accompanied by any gamma-rays due to its direct transition to the ground state of the disintegrated nucleus.
• Muons
In the atmosphere of the Earth, muons are generated as a secondary cosmic ray via pion-decay following the impact of a cosmic ray proton with an atmospheric atom. The spin angular momentum of positive (µ + ) and negative (µ − ) muons in nature is intrinsically polarized with negative and positive helicity (left-and right-handed polarization), respectively, by PV in the weak interaction. Muons are lepton particles with the same value of negative (µ − ) or positive (µ + ) charge as electrons or positrons, respectively, and the same value of spin (1/2) as electrons and positrons. Because the muon mass is much larger than the electron mass (m µ /m e~2 00) and close to the proton mass (m µ /m p~1 /9), interactions of spin-polarized muons with organic molecules, including asymmetric reactions, are different from those of spin-polarized electrons or positrons.
In the positive muon irradiation case, muonium (a positive muon-electron pair (Mu)) and a non-bonding lone electron can be formed on a double-bond of an organic molecule resulting in the formation of "Mu radicals." As a result, radical-mediated asymmetric reactions can be expected in organic molecules. Double bonds of carbon-carbon can be reduced to a single bond resulting in rotation around the single-bond axis. In addition, hot Mu generated by a muon beam can induce hydrogen extraction from organic molecule (Mu* + RH → MuH + R). Via these types of reactions, racemization, that is, the enantiomer type conversion of chiral molecules) such as amino acids, is strongly expected. In addition, Mu can attack non-bonding electrons of the carboxyl bases of amino acids, resulting in asymmetric electronic excitation depending on the direction of spin polarization of the muon irradiation via several types of processes. Mu can be thought of a type of isotope of the H atom whose atomic total mass is 1/9 that of hydrogen. Conversely, the reduced mass of Mu (positive muon-electron) and an H atom (proton-electron) with a 1 s orbital electron are approximately equivalent values. From the standpoint of the electronic state, Mu and an H atom can be regarded as being chemically equivalent.
Interactions of positive and negative muons with organic molecules are very different from each other due to the relatively heavy mass of a muon. In the negative muon beam case, a negative muon combined with an atomic nucleus makes a muonic atom (atomic nucleus-negative muons pair). Muonic atom formation can induce a charge shielding effect due to heavy negative muons captured in small orbit radii, resulting in the formation of apparently Z-1 nucleus and negative ion. Further, atomic conversion (Z → Z − 1) via β-decay (µ − + p → n + ν µ ) can occur in large atomic number nucleus. It is also expected that the chemical activity of muonic atoms depends on the direction of spin polarization of the muon irradiation.
From these viewpoints, spin-polarized muon irradiation has the potential to induce novel types of optical activities different from those of polarized photon and spin-polarized electron irradiation.
• Neutrinos
In general, the interaction of neutrinos with materials is very weak on the Earth. However, reactions including neutrinos accompanied by the weak interaction cannot be neglected in high density nuclear materials (>10 11 g/cm 3 ) in space.
As for high-energy astrophysical objects, neutrons released in supernova explosions can cause chiral asymmetry in molecules in interstellar gas-dust clouds. The specific physical mechanism of a relativistic neutron fireball, which is a relativistic chiral electron-proton plasma, has been advocated, in which the electrons carrying their helicity to the cloud show high chiral efficiency [5, 6, 9] .
Neutrinos with a specified spin angular momentum due to the PV weak interaction are also radiated in supernova explosions. Recently, it has been argued that selective destruction of one amino acid chirality by electron anti-neutrinos and the magnetic field from a supernova resulted in the production of meteorites including left-handed amino acids [11] [12] [13] [14] . In this hypothesis, spin-spin interactions between neutrinos and nitrogen nuclei are emphasized.
The Intrinsic Scenario
Another hypothesis has been advocated in the context of intrinsic symmetry breaking in nature, that is, the bioorganic asymmetry is universally derived from chiral asymmetry breaking at the level of elementary particles, such as PV in the weak interaction [15] . It has been argued that PV leads to energy differences in enantiomers in the 10 −12 joule/mole range and that theoretical calculations of the energy differences in enantiomers indicate that the intrinsic energies of l-amino acids and D-ribose are slightly lower than those of their corresponding enantiomers (d-amino acids and l-ribose). Quack considered that electroweak quantum chemistry methods predict such energy differences to be one to two orders of magnitude larger than previously accepted, but still very small, and discussed the current status of theory and some current experimental approaches [16] .
Experimental Approaches to Examine the Scenarios
The Cosmic Scenario
Circularly Polarized Photons
The first asymmetric photolysis experiment on a racemic organic molecule (2-bromopropanoic acid ethyl ester) using CPL was reported by Kuhn [32] in 1929. In the 1970's, several asymmetric photolysis experiments were conducted on racemic molecules, i.e., metal oxalate ions [33] and amino acid ((RS)-leucine) [34] , using CPL from high-pressure mercury lamps.
After the 1990's, SR facilities were used as light sources for photochemical reactions, spectroscopic analyses, and micro-fabrication. In particular, the asymmetric photolysis of racemic amino acids in an aqueous solution using CPL from SR was reported as a validation of the "cosmic scenario" in the context of astrobiology. Takano et al. reported the asymmetric photolysis of racemic isovaline [35] , and Nishino et al. reported the pH dependence of leucine asymmetric photolysis [36] . In these experiments, they were able to selectively photolyze one optical isomer in an optically active compound depending on its CD in the wavelength region of the irradiated CPL.
Further, Takano et al. reported the CPL irradiation of an aqueous solution of complex organic compounds with high molecular weight, which involved amino-acid precursors with molecular weights of several thousands. After CPL irradiation followed by the acid-hydrolysis of the solution, positive and negative enantiomeric excesses in alanine were successfully detected [37, 38] .
Conversely, in molecular clouds, organic molecules on interstellar dust surfaces should be in their solid phase, for example, the condensed ice mantle around silica dust core (Greenberg Model [17] ). From this viewpoint, solid-phase experiments can contribute to verifying reaction models of on-surface or surface-catalytic reactions on materials such as interstellar dust. Meierhenrich et al. [39] reported solid-phase leucine photolysis and Takahashi reported solid-phase phenylalanine photolysis using polarized SR in the VUV region [40] .
Recent verification experiments have been performed to examine the relationship between optical activity emergence into several target materials and asymmetric radiation, typically CPL. We irradiated racemic d l -amino acid films with monochromatic CPL with a wavelength of 215 nm from the free electron laser (FEL) of UVSOR-II at Institute for Molecular Science (IMS), Okazaki, Japan [31] . This result suggest that the racemic mixture of chiral amino acid was differentially photolyzed or transformed depending on the CD at the irradiated CPL wavelength.
We are using CD spectroscopy to evaluate optical activity emergence because the CD spectrum sensitively reflects the steric structures of chiral molecules with a high degree of accuracy. Theoretical calculations of the CD spectrum of the alanine molecule have revealed that the circular dichroism chromophores derived from characteristic electronic transitions (n-π*, π-π* for the carboxyl group and n-σ*, π-σ* for the amino group) correspond to several different wavelengths in the 120-230 nm region [30] . From this standpoint, the expected characteristics of optical activity emergence strongly depend on the irradiated CPL wavelength. In further experiments to validate the scenario, we are investigating the dependence on the irradiation wavelength using CPL with wavelengths of 230 nm, 203 nm, 180 nm, and 155 nm from the undulator beam line BL1U of UVSOR-III at IMS. To examine optical activity emergence, we measured the CD and photo absorption spectra of the deposited films using a commercial CD spectrometer (JASCO J-725) and the SR CD beam line BL-12 of Hiroshima Synchrotron Radiation Center. A detailed analysis of the CD spectra is in progress to determine the complete mechanism for optical activity emergence [41, 42] .
Similar irradiation experiments for solid-phase films of an intrinsically optically non-active achiral molecule, hydantoin (glycine precursor molecules), and glycine have also been performed using CPL with a wavelength of 215 nm from FEL of UVSOR-II and BL1U of UVSOR-III, respectively [43] . The CD spectra of irradiated hydantoin and glycine films have many common characteristics, that is, clear peaks newly appear in the CD spectra at 215 nm and 180 nm and nearly completely symmetric spectra were observed with L-and R-CPL irradiation. Further, the intensity ratio of the two peaks and the intensity and sign of the CD peaks changed with the irradiation dose. These results suggest that several new chiral structures were introduced into the achiral molecule film by the CPL irradiation. The absorbance of hydantoin after the CPL irradiation increased on the low-energy side but decreased on the high-energy side, suggesting that a molecular structure change occurred in the film.
As for the hydantoin case, first principal simulation calculations of the asymmetric optical response of hydantoin have also been performed. The calculation results suggest that some types of chiral structures derived from a distortion of the five-ring construction were introduced into the racemic film by the CPL irradiation. Analogous to hydantoin, it is suggested that some types of chiral structures were introduced into the racemic glycine film by the CPL irradiation [44] . It is known that crystalized glycine contains several crystal polymorphs including left-or right-handed spiral constructions, similar to crystalline quartz. The experimental results suggest that the CPL irradiation induced construction distortion including left-or right-handed spiral crystal polymorphs depending on the irradiated CPL chirality. Similar types of mechanisms including chiral structure formation are potentially applicable to racemic mixtures of optically active amino acids (i.e., dl-alanine), which is potentially relevant to the origin of the terrestrial bioorganic homochirality stimulated by "chiral radiation."
In addition to solid films of amino acids, ribose and related sugars following ultraviolet irradiation of interstellar ice fixed in ice analogs have also been reported with high-resolution mass spectroscopy [44] [45] [46] .
Spin-Polarized Leptons
• Electrons/Positrons
The first pioneering experiment examining asymmetric radical formation in D-and L-alanines using β − -irradiation was conducted by Akaboshi, et al. [47] . Tsarev et al. reported that, after amino acid/metal complexes were irradiated with high flux β − -rays from an 90 Sr-90 Y source (50 Ci), at the Russian Federal Nuclear Center in Snezhinsk, and small amounts of enantiomeric excesses were detected in the irradiated products using CD spectroscopy [7] [8] [9] . As for interactions of spin-polarized electrons with chiral molecules, Kessler, et al. reported on a low energy (<10 eV) spin-polarized electron beam with a chiral bromocamphor molecule, that is, so-called "spin-polarization dichroism" [48] . Recently, Rosenberg et al. reported interactions of spin-polarized X-ray photoelectron emitted from solid surfaces with chiral molecules adsorbed on them [49, 50] .
We also recently carried out the same irradiation experiments with amino-acid precursors or solid films of amino acids and also detected enantiomeric excesses using CD spectroscopy on an irradiated isovaline film [51] . Because the helicity of the spin-polarized electron beam in a β − -ray is negative due to PV in the weak interaction, verification experiments are required using a spin-polarized electron beam with positive helicity to detect enantiomeric excesses with the opposite sign with respect to the negative helicity case. Our present research focuses on simulated experiments using a spin-polarized electron beam with a helicity-controlled irradiating amino acid film in the achiral state (optically non-active) and observing the emergence of optical activity.
• Muons
No significant difference has been reported for the asymmetric reactions in enantiomers of organic compounds using muon beams, except that Lemmon et al. who reported reactions of spin-polarized positive muons with alanines and octanols [52] . We conducted a trial of spin-polarized muons to examine the optical activity of organic compounds such as amino acids and their precursor molecule in achiral states. In the experiments, a racemic amino acid (dl-alanine) and a precursor molecule of glycine (hydantoin) were irradiated by positive muons with negative helicity and negative muons with positive helicity using the Muon S beam line of the Materials and Life Science Experimental Facility (MLF) in the Japan Proton Accelerator Research Complex (J-PARC). Because the penetrating depth of the muon beam through the polyethylene pellet is estimated to be less than 1 mm, nearly all the muon beam should be captured with the target materials packed in the polyethylene or potassium bromide circular cylinder pellet. Optical activity measurements of the irradiated samples are in progress. We expect to reveal a mechanism for optical activity emergence whose sign depends on the direction of the spin polarization and the charge of the muon. We are also planning to observe the disturbance of the muon spin polarization after chiral chemical reactions due to muonium or muonic atom formation in the target chiral molecules. The disturbance of the muon spin polarization can be observed using measurements of the distribution of positrons decayed from muons.
The Intrinsic Scenario
Recently, the first set of observations of PV energy differences between two enantiomers of chiral molecules was presented using high-resolution laser spectroscopy [53] . However, at present, no successful experiments have been reported. The role of PV in the weak interaction in the origin of terrestrial homochirality is a subject that cuts across research fields, including fundamental physics, nuclear cosmology, theoretical chemistry, and quantum spectroscopy.
Conclusions
Various scenarios for the origin of the homochirality of terrestrial bioorganic molecules in the context of astrobiology (the cosmic scenario) have been proposed. Asymmetric radiation in space, such as circularly polarized photons or spin-polarized leptons, induced asymmetric conditions in the primitive interstellar media. We are conducting cooperative investigations using the following observations, experiments and computational calculations to examine the cosmic scenario [54, 55] .
(1) Astronomical observations of polarized radiation from various star-forming and high-energy phenomena burst regions in space using highly sensitive polarization detecting systems settled in astronomical observatories; (2) Experiments with polarized quantum beams from high-energy particle accelerators irradiating amino acids or sugars and their precursor molecules, followed by chemical and optical measurements of enantiomeric excesses; (3) First principal calculations of asymmetric optical responses and the subsequent asymmetric chemical reactions for amino acids or sugars and their precursor molecules, including the intrinsic energy difference between the enantiomers derived from PV.
The synergetic use of these three approaches is expected to help solve the problems of the origin of terrestrial biological homochirality. 
